Under high humidity and appropriate temperature, tris (8-hydroxyquinoline) aluminum (Alq3) solid micro/nanostructures may be etched into hollow structures and still retain their crystalline structures and surface morphologies. The shapes and sizes of the hollow structures are easily adjusted by varying the experimental parameters. Throughout the entire process, water is introduced into the system instead of organic or corrosive solvents, making this method convenient and environmentally friendly; it can also be extended to application in other materials such as TCNQ.
Introduction
There has been considerable interest in producing micro/nanoscale materials with controllable sizes and morphologies for their morphology-dependent properties and functions [1] [2] [3] . Among various micro/nanostructures, hollow structures, such as nanorings [4] [5] [6] [7] , nanotubes [8] [9] [10] [11] [12] and nanocages [13] [14] [15] , have drawn much attention in recent years. Micro/nanorings have been reported to have nanoscopic far-infrared optical responses, mesoscopic Aharonov-Bohm effects [16] , and reproducible magnetic states [17] . Nanotubes have also been applied in chemical separations, sensors, and fast-response electrochromic displays [11, 18] , and carbon nanotubes, in particular, have been widely studied [12] . Micro/nanocages have been regarded as candidates for gas storage, nanoreactors and delivery of target molecules [14, 19] . Various approaches are applied to prepare hollow structures including oxidation/reduction reactions [13] , etching, and template-assisted methods. However, most of these approaches are either unsuitable for small molecular organic materials or involve harsh processing conditions such as high temperature [6] , electrochemical treatment [8] , corrosive solvents, etc [9, 13] . So far, reports on hollow nanostructures of small organic molecules [20] [21] [22] [23] [24] [25] [26] [27] have been quite limited.
This study presents a facile and effective waterinduced method for forming small organic molecular hollow micro/nanostructures. It is observed that under suitable temperatures and humidities, nanostructures of tris (8-hydroxyquinoline) aluminum (Alq3) can be etched to their corresponding hollow structures by water. This method is also found to be applicable to other organic nanostructures such as nanorings of 7, 7, 8, . It should be noted that water plays a critical role in the formation of hollow structures; it first serves as the poor solvent for the growth of solid nanostructures and then as the etching tool for the formation of hollow structures. Since no chemical reactions or corrosive solvents are needed in the etching process, this method is clearly convenient and green.
Alq3 has been studied extensively as a green light-emitting and electron-transporting material in organic electrolumines-cent devices (OLEDs) [28] . Nanostructures of Alq3 have been reported to show excellent field emission characteristics and enhanced photoluminescence (PL) [29] [30] [31] [32] . It has also been shown recently that Alq3 nanostructures can be used in spin valve devices because they have the potential of preserving electron spin information over a long time [33] . All these applications are dependent on the shape and size of the Alq3 nanostructures, which, as a consequence, promises to generate more applications in other fields.
Experimental methods

Preparation of Alq3 micro/nanoplates
The micro/nanoplates were prepared by a typical surfactantassisted solution method [29] . 400 μl of stock Alq3/THF (3-2 mmol l −1 ) solution was injected into 5 ml of 0.8 mmol l
SDS (sodium dodecyl sulfate) solution with vigorous stirring at room temperature. After stirring for 10 min, the sample was transferred to a bottle and placed into a 4
• C water bath for stabilization for at least 10 h. The precipitates were collected, washed, and centrifuged three times to separate the surfactant.
Preparation of Alq3 micro-triangular antiprisms
The preparation process of the Alq3 micro-triangular antiprisms was similar to that of the Alq3 micro/nanoplates, except that the micro-triangular antiprisms grew at a lower temperature and needed more time for stabilization. After stirring for 10 min, the sample was transferred to a bottle and placed into a 0
• C water bath for stabilization for at least 24 h. The precipitates were collected, washed, and centrifuged three times.
Preparation of Alq3 nanorods
The preparation process of the Alq3 nanorods was similar to that of the Alq3 micro/nanoplates, expect that a different surfactant (triton X100) was applied. 400 μl of stock Alq3/THF (2 mmol l −1 ) solution was injected into 5 ml of triton X100 solution (0.05% v/v) solution with vigorous stirring at room temperature. After stirring for 10 min, the sample was transferred to a bottle and placed into a 4
• C water bath for stabilization for at least 10 h. The precipitates were collected by centrifugation three times.
Preparation of Alq3 hollow micro/nanostructures
The etching setup is illustrated in figure 1 . Several drops of the Alq3 solid micro/nanostructure suspensions were directly dropped onto a silicon substrate, which was placed on the top surface of a supporting bottle. The supporting bottle was then placed in a sealed vial. The etching was conducted in the sealed vial with enough water at its bottom to maintain ambient humidity. The water at the bottom of the vial was heated to keep proper humidity in the whole vial, which enabled the drops of suspension solution to evaporate slowly. The solid micro/nanostructures were eventually etched into hollow micro/nanostructures until the water in the suspension completely evaporated. Finally, the hollow structures were formed on the silicon substrate.
Size-tunable treatment of Alq3 micro/nanorings
The outer diameters of the micro/nanorings were determined in the preparation stage of the micro/nanoplates.
Micro/nanoplates were prepared with diameters of 2, 1 and 0.5 μm by using the Alq3/THF solution with concentrations of 3, 2.5 and 2 mmol l −1 , respectively (see figures S4(a), (b) and (c) available at stacks.iop.org/Nano/22/285606/mmedia).
Under ultrasonic conditions, 1 mg of micro/nanoplates collected by centrifugation was dispersed in 1, 2, 3, 4, 5, 6 and 7 mls of water. Several drops of these suspensions were then dropped onto the silicon substrate. After the complete evaporation of the water in the suspensions, micro/nanorings with different inner diameters in the range 0-800 nm and with unchanged outer diameters were obtained (see figure S5 available at stacks.iop.org/Nano/22/285606/mmedia).
Preparation of TCNQ nanoplates and nanorings
First, the nanoplates were prepared by a typical surfactantassisted solution method. 300 μl of stock TCNQ/THF (6 mmol l −1 ) solution was injected into 4 ml of 0.2 mmol l −1 SDS (sodium dodecyl sulfate) solution with vigorous stirring at room temperature. After stirring for 10 min, the sample was transferred to a bottle and placed into a 4
• C water bath for stabilization for at least 10 h. The precipitates were collected, washed, and centrifuged three times. Several drops of the TCNQ nanoplate suspension were directly dropped onto a silica substrate, which was placed on the top surface of a supporting bottle. The supporting bottle was placed in a sealed vial with enough water at the bottom of the vial to maintain ambient humidity. The nanoplates were eventually etched into nanorings on the silica substrate until the complete evaporation of the water in the suspension had taken place.
Results and discussion
Preparation of the hollow micro/nanostructures involved two steps: the preparation of micro/nanostructures and the subsequent water-induced dissolving-etching process. First, the solid micro/nanostructures were prepared via a typical surfactant-assisted solution method [29] . By adjusting the experimental conditions, hexagonal micro/nanoplate, nanorod and micro-triangular antiprisms of Alq3 could be easily prepared (figures 2(A)-(C)). These structures were then etched by water existing in a closed environment under high temperatures and humidities (figure 1). After the dissolvingetching process, the corresponding hollow structures were obtained as shown in figures 2(D)-(F).
The solid nanostructures of different morphologies could be prepared by varying the crystal growth time or using different surfactants. The nanoplates were first fabricated with the assistance of SDS, and then were kept at a lower temperature for further growth. The (1, 0, 0) plane grew faster than the (1, 1, 1) plane, which led to the disappearance of the cylindrical surfaces, and thus the (0, 0, 1) plane transformed from a hexagon to a triangle with the growth of the (1, 1, 1) plane. This resulted in the formation of micro-triangular antiprism structures. Using another surfactant (triton X100), nanorods were formed due to preferential crystal growth along the 0, 0, 1 direction (figure 3). The sizes of the nanostructures could also be easily tuned by varying the experimental conditions. Alq3 nanorings were used as an example to illustrate this point. Alq3 nanoplates of different diameters were first obtained by controlling the concentration of Alq3 used in their formation process (figure S4 available at stacks.iop.org/Nano/22/285606/mmedia). The inner diameters of the rings were then tailored by varying the amount of water in the suspension during the etching process (figure S5 available at stacks.iop.org/Nano/22/285606/mmedia).
TEM images of the Alq3 solid and hollow structures are shown in figure 4 . The regular spots in the corresponding selected area electron diffraction (SAED) patterns in the insets of the figure suggest that both the solid and hollow structures were single crystalline. The x-ray diffraction (XRD) patterns taken from the Alq3 powder and the hollow micro/nanostructures are shown in figure 5(B) . The top line shows a standard XRD pattern of the Alq3 α phase powder [34] . The six spectral lines below the top one exhibit quite a close fit to the characteristic peaks. Both the SEAD and XRD patterns indicate that all of the micro/nanostructures were highly crystalline and the etching process did not change the crystalline structures. But the XRD patterns of the hollow structures differed from those of the solid ones. That is, once a certain plane was etched out, the intensity of its corresponding diffraction peak would fall sharply, which was consistent with the XRD pattern we obtained ( figure 5(B) ). The intensity of the peak at the degree of 14.40 of the solid structures was far higher than that of the hollow ones due to the loss from etching. In addition, almost no change was observed in the PL spectral curves of the solid and hollow micro/nanostructures, as shown in figure 5(A) , which further confirmed that the etching process did not alter the PL properties of Alq3.
While the formation mechanisms are still under investigation, we believe that they are similar to what has been reported for the formation of DAPMP nanotubes [23] and other inorganic hollow nanostructures [4, 6, 8, 13, 21] . The formation of the Alq3 nanorings is used as an example to illustrate our supposition. As depicted in figure 6 , the Alq3 crystals appear to have a spiral surface morphology [35, 36] . In the transition from a round flake to a hexagonal one, the Alq3 crystals grow spirally upward in a layer-by-layer manner. The lamellar structures can be seen clearly in figure 6(d) . In this process, screw dislocation plays an important role in the generation of spiral steps. As there is a high concentration of dislocations at the central part, the etching rate is expected to be higher at the center. The fact that etching starts from the center of the surface can be observed clearly in the SEM and TEM images of the etching process samples ( figure 7) . Moreover, this observation also supports the theory that the inner diameters of the micro/nanorings can be adjusted by changing the amount of water in the micro/nanoplate suspension while the outer diameters remain the same during the etching process (figures S2 and S5 available at stacks.iop.org/Nano/22/285606/ mmedia). In the etching process, the mild solubility of Alq3 in water serves as the driving force. With the slow evaporation of water from the suspension, there is an eventual saturation followed by a partial precipitation of Alq3 from the solution in the form of aggregates (figure S2 available at stacks.iop.org/Nano/ 22/285606/mmedia), which leads to the depletion of Alq3 in the water and provides an opportunity for more Alq3 to be dissolved from the micro/nanoplates before reaching the saturation point. The dissolution-precipitation cycle continues until all of the water in the suspension is exhausted. The dissolution is more likely to concentrate in the central part of the plates, which leads to the formation of the ring-like structures.
Several experimental parameters for the etching process are further investigated to better understand the etching process and its driving force. The humidity and temperature are found to be important factors in controlling the etching process. The etching degree is influenced by the ambient humidity, achieved by controlling the water evaporation rate (figure 8). The heated water at the bottom of the vial would continuously be evaporated to maintain proper pressure (ambient humidity). Higher humidity could reduce the evaporation rate, guarantee enough time for the dissolution of Alq3 molecules from the micro/nanoplates and permit the formation of the micro/nanorings ( figure 8(F) ), because dissolution of a poorly soluble solid usually requires a long time. However, in the absence of additional water at the bottom or when the suspension is exposed directly to air (figures 8(A)-(D)), no ring-like structures could be observed because of inadequate time for dissolution owing to the rapid evaporation rate. In addition, the temperature also has a notable effect on the etching process. Only a limited number of nanorings could be produced at low temperature, even after a week with adequate water in the vial ( figure 8(E) ). Several factors may contribute to these results. First, higher temperature accelerates the evaporation of the water at the bottom and causes higher ambient humidity. Second, higher temperature enhances the solubility of Alq3 in water, allowing more Alq3 molecules to be etched from the center of the micro/nanoplates leading to the generation of nanorings with larger inner diameters. Third, higher temperature accelerates the dissolving-etching process by intensifying the molecular thermal motion.
Using the present approach, hollow micro/nanostructures of other organic materials have also been obtained. For example, TCNQ (7,7,8,8-tetracyanoquinodimethane) quadrangular nanorings have been successfully prepared ( figure 9 ). The as-prepared hollow micro/nanostructures are expected to be used as a template or a mask. This idea was tested through Alq3 rings in the preparation of Si nanotubes using the metal-assisted chemical etching method (figure S3 available at stacks.iop.org/Nano/22/285606/mmedia) [37, 38] . 
Conclusions
In summary, we have successfully developed an effective, facile and environmentally friendly etching method for preparing hollow micro/nanostructures of Alq3 and TCNQ. Water has been found to play a critical role throughout the etching process. The amount of water in the system controls the ambient humidity and thus the etching degree. Water provides the crystal-growing environment for the preparation of solid micro/nanostructures and then acts as an etchant in the etching process for the formation of hollow structures. The shapes and sizes of the hollow structures can be easily adjusted by varying the experimental parameters. Possible applications of the single-crystalline hollow micro/nanostructures in spintronics or waveguide devices are now under investigation.
